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Abstract

Six of the candidate propulsion systems for the High-Speed Civil Transport are the turbojet, turbine bypass engine,
mixed flow turbofan, variable cycle engine, Flade engine, and the inverting flow valve engine. A comparison of these
propulsion systems by NASA’s Lewis Research Center, paralleling studies within the aircraft industry, is presented. This
report describes the Lewis Aeropropulsion Analysis Office’s contribution to the High-Speed Research Program’s 1993
and 1994 propulsion system selections. A parametric investigation of each propulsion cycle’s primary design variables is
analytically performed. Performance, weight, and geometric data are calculated for each engine. The resulting engines are
then evaluated on two airframer-derived supersonic commercial aircraft for a 5000 nautical mile, Mach 2.4 cruise design
mission. The effects of takeoff noise, cruise emissions, and cycle design rules are examined. (This report was written in

1995 for NASA’s High Speed Research Program.)

Introduction

There is a renewed, worldwide interest in developing
an economically viable and environmentally acceptable
commercial supersonic transport to begin operations early
in the twenty-first century. Several attempts have been
made over the last quarter century to develop a U.S.
supersonic commercial transport. The Supersonic
Transport Program, which ran from the mid-1960s to
1971, focused on establishing an airframe and propulsion
system that could compete in the international supersonic
transport marketplace. The program was canceled when
political support waned in the face of increasing technical,
environmental, and economic concerns. From 1972 to
1981, NASA conducted the Supersonic Cruise Research
Program. This cooperative government/industry effort
investigated areas where advanced technology would
produce significant enhancements in supersonic cruise
performance. New engine concepts and better jet noise
reduction techniques were developed (ref. 1). In 1989, the
NASA-sponsored High-Speed Research (HSR) Program
was initiated with the objective of providing solutions to
the environmental issues associated with a proposed
future High-Speed Civil Transport (HSCT). NASA-spon-
sored studies involving both airframe and engine
manufacturers have determined that an economically
viable, environmentally acceptable Mach 2.4 HSCT could
enter the market as early as 2005. The HSCT’s potential
economic impact is enormous. The findings of Boeing’s
1993 Focus Group indicate that due to increased pro-
ductivity, time savings, and passenger preference, the
HSCT could capture up to seventy percent of the long-
haul markets in cases where it can offer significant time
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savings over long-range subsonic aircraft. Boeing’s
market research also suggests that sufficient profitability
is possible with little or no fare premiums.

The problems that plagued the U.S. Supersonic
Transport Program are still present today. In addition to
difficult economic challenges, there are problems posed
by environmental concerns. Namely, the stratospheric
propulsion emissions must be minimized such that the
HSCT fleet will have no significant effect on the ozone
layer, and the propulsion noise must be reduced to meet
current Federal Aviation Regulation (FAR) Part 36 Stage
3 noise rules (ref. 2). Indeed, noise regulations of the near
future may become even more stringent in the airport
vicinity, and additional rules may regulate noise levels
many miles from the airport as the aircraft climbs. These
economic and environmental requirements pose a signifi-
cant propulsion engineering challenge.

This study builds upon earlier research performed by
the NASA Lewis mission analysis team (refs. 3 and 4).
The candidate propulsion systems evaluated here for the
HSCT are the turbojet, turbine bypass engine, mixed flow
turbofan, variable cycle engine, Flade engine, and the
inverting flow valve family of engines (see figs. 1 to 7).
The design variables of each of these cycles are paramet-
rically varied and the performance and weight data are
analytically computed. The resulting engines are then
evaluated on two airframer-derived HSCTs for 5000
nautical mile, Mach 2.4 cruise missions. The effects of
takeoff noise, cruise emissions, and the addition of
alternate missions are also examined.

The intent of this study was to provide guidance for
the NASA/industry propulsion system downselect team.
This team, consisting of representatives from NASA,



General Electric, Pratt & Whitney, Boeing, and McDon-
nell Douglas, selected two propulsion system concepts, a
prime and a backup, in October, 1993. Additional updated
propulsion system evaluations are also presented for the
downselect confirmation of April, 1994. Contained in this
paper are the NASA Lewis mission analysis team’s
recommendations for the selection of these two propulsion
system concepts based on our independent engine cycle
and mission analysis.

The reader who is familiar with the ongoing HSR
Program will note that many changes have been made to
the HSCT propulsion system concepts since the 1994
downselect confirmation. Even the propulsion system
choices themselves would have been made very differ-
ently had the results of many studies and component tests
been known in 1993. This paper is written to describe the
state of affairs as they were known to exist in April, 1994.
The reader is asked to consider the data and conclusions
in this paper from that point of view.

Method of Analysis

Propulsion System Analysis

Cycle, Aeromechanical, Flowpath, and Weight Analyses

The uninstalled performance of each engine is
predicted by the NASA Engine Performance Program
(refs. 5 and 6). This computer code calculates the unin-
stalled performance of each engine based on a steady,
one-dimensional, thermodynamic cycle analysis. Off-
design engine performance is calculated with the aid of
individual component performance maps supplied by the
HSR engine manufacturers, General Electric and Pratt &
Whitney. The physical and thermodynamic limitations
used in this analysis have been identified by NASA and
industry as being commensurate with a 2005 entry into
service date. An abridged list of these design “ground
rules” are shown in tables 1 through 3. The first set of
ground rules is used for the initial, 1993, downselect. Due
to independent detailed materials study recommendations,
the compressor discharge, turbine rotor inlet, and nozzle
throat temperature limits became more conservative
during the course of the program (see table 1). The effects
of these changes have been calculated for the 1994
downselect confirmation and are also presented in this
paper.

Bare engine weights and dimensions are calculated
using an extensively updated version of the Boeing weight
and flowpath analysis code described in reference 7. The
weight and flowpath design parameters shown in table 2
are used in this analysis. Miscellaneous pod weights (i.e.,
nacelle, pylon, mounts, firewall, and controls and
accessories) are computed using empirical relations for
commercial transports (refs. 8, 9, 10, and table 2).
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Installation Effects

A mixed-compression translating centerbody inlet is
used for each of the engine cycles in this study. The
performance and aerodynamic characteristics of this inlet
are derived from reference 7 and some of its more
dominant performance characteristics are plotted in
figures 8 to 12. The throttle-dependent, isolated nacelle
inlet installation drags consist of pre-entry spillage drag,
bypass drag, bleed drag, and cowl lip drag. These
installation drags are calculated and are subtracted from
the uninstalled net thrust determined from the thermody-
namic cycle analysis described above. The inlet’s weight
and dimensions are computed by the mission analysis
team from a method incorporating empirically-derived
actuation system weights and analytically-derived
structural weights modeled using the Internally Pressur-
ized Structural Synthesis and Optimization code (refs. 8
to 11).

The throttle-dependent, isolated nacelle nozzle
boattail drags are also subtracted from the uninstalled net
thrust. These drags are computed, in part, from inviscid
linearized aerodynamic perturbation theory. Inviscid
boattail drag coefficients are computed for this study
using the program described in reference 12 for both
axisymmetric and 2D nozzle exit geometries. To account
for the additional viscous drag component, boattail drag
coefficients derived from a set of agreed-upon experimen-
tal axisymmetric data by NASA Lewis, General Electric,
and Pratt & Whitney are used. This viscous drag compo-
nent is determined by subtracting the analytically derived
inviscid drag from the empirical total drag for each
axisymmetric geometry. The viscous drags are then added
to the inviscid drags of the 2D geometries, resulting in a
total drag database for 2D exit nozzles. For reasons that
are explained below, each of the propulsion systems
analyzed in this study is assumed to have a 2D nozzle
exit. For the valved engines, however, an axisymmetric
nozzle may be a superior choice when propulsion-
airframe integration effects are considered. These 2D
boattail drag coefficients are plotted for various external
area ratios in figures 13 to 15.

Since these boattail drags are calculated simultane-
ously with the nozzle’s thrust, the opportunity is taken to
optimize thrust. Specifically, the nozzle is operated in a
slightly overexpanded flow configuration. Without
considering boattail drag, this would seem to be detrimen-
tal due to the pressure drag and possible flow separation
near the nozzle exit plane. However, the artificially larger
exit area of an overexpanded nozzle reduces the boattail
drag by lowering the nozzle’s boattail angle. The exact
amount of overexpansion is calculated by optimizing the
installed thrust. In the transonic regime, where boattail
drags are greatest, this technique can improve the installed
gross thrust for some configurations by as much as six
percent. This significant thrust improvement can help the



HSCT pass through the transonic regime more quickly
and, if it is sized at the transonic drag rise, with poten-
tially smaller engines.

Mixer-Ejector Nozzles

High velocity jet noise, which dominates the acoustic
signature of the HSCT, can be reduced by ejecting large
amounts of ambient air into the primary jet within an
acoustically lined duct. The resultant mixed jet has a
lower velocity than an unmixed primary jet. The mixed jet
generates less shear layer interaction with the ambient air
and is quieter than a conventional convergent-divergent
nozzle operating under the same conditions. Shock cell
noise can be reduced by careful, shock-free, expansion of
the jet. Nozzles with these characteristics are called
mixer-ejector nozzles, and their use currently appears to
be the best approach to suppressing the jet noise of the
turbojet, turbine bypass engine, mixed flow turbofan, and
the variable cycle engine. In this study, engines that are
already inherently quiet (i.e., the Flade and valved engines
described below) are not equipped with these nozzles.
Other propulsion noise sources, such as fan, turbine, and
core noise, do not dominate the acoustic signature and are
not specifically calculated in this study. An acoustic
margin is used to account for these sources (as described
later) to ensure compliance with noise regulations.

The weights and dimensions of the mixer-ejector
nozzles described here are calculated using a nozzle
model created by the Lewis team specifically for this
study. This model is database-oriented and draws upon
the characteristics of a family of hybrid axisymmetric and
2D mixer-ejector nozzles analytically designed by
General Electric. The model assumes that the amount of
secondary entrained air that is required to suppress the jet
noise to certification levels can be determined from the
primary stream conditions. Specifically, this entrained
mass flow augmentation is assumed to be a function of the
velocity of the primary jet hypothetically expanded
through a convergent-divergent nozzle with a velocity
coefficient of 0.95. This relationship is shown in figure
16. Since the weight and dimensions of the nozzle are
assumed to increase with increasing mass flow augmenta-
tion, the curve shown in this figure can therefore be
viewed as a nozzle weight and size severity model. The
shape of this curve has been calibrated to reflect current
estimates of mixer-ejector nozzle weights and dimensions
with respect to their suppression requirements. The mixer-
ejector nozzle length (fig. 17), maximum nozzle cross-
sectional area (fig. 19), and weight (fig. 20) are derived
from the database for various nozzle pressure ratios for
the 1993 model. These relationships were used for the
initial October, 1993 downselect. In January of 1994, the
model’s database was updated to reflect General Elec-
tric’s decision to remove excessive acoustic liner material
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at the nozzle entrance. These changes resulted in shorter,
lighter nozzles. The revised nozzle length and weight
relationships of the 1994 model are shown in figures 18
and 21, respectively. These relations were used for the
April, 1994 downselect confirmation. The nozzle thrust
coefficient with the ejectors in their stowed position is
also assumed to be a function of the nozzle pressure ratio
and is shown in figure 22. The nozzle thrust coefficient
with ejectors deployed is assumed to be 0.95 throughout
the takeoff segment of the mission. These mixer-ejector
nozzle aeroacoustic performance models are considered to
be representative and achievable if HSR nozzle develop-
ment continues along its present course.

Exhaust Emissions

Nitric oxide (NO) and nitrogen dioxide (NO,),
collectively known as NOy, are products of combustion
that are known to affect stratospheric ozone. An emission
index, defined as the ratio of an emittant’s mass to one
thousand times the mass of fuel burned, is computed for
NOy for every engine data point of every engine cycle
studied. These emission indices, which are a function of
Mach number, altitude, and power setting, are integrated
over the HSCT’s flight path to give a total mass of NOy
produced for the mission. The NOy emission index (EI) is
calculated from the following set of relations:

EI=0.01555T3-8.3

for compressor discharge total temperatures (T3, in
degrees Rankine) less than 1100 °R, or

El=2.899 T3max 046 P4 Tatoc Wioc
1000 Pdwoc T4 w

xexp (72,28 +2.087 VTt -0.014611 Tt

for T; greater than 1100 °R. The subscript “toc” denotes
the top-of-climb cycle conditions, Ti.c is the highest
compressor discharge total temperature in degrees
Rankine encountered by the engine over the entire
mission, P4 is the combustor exit total pressure, T, is the
combustor exit total temperature, w is the combustor
airflow, and Ty is the combustor flame total temperature in
degrees Rankine, defined as the greater of either 3600 °R
or

Tt =T3+1.1765(T4- T3)

These relations are based on a simplified generic low-
emissions HSR combustor model developed jointly by the
combustor analysis and design groups at General Electric,
Pratt & Whitney, and NASA Lewis.



Turbojet and Turbine Bypass Engines

The conventional single-spool turbojet (fig. 1) is
evaluated in this study to measure the advantages and
disadvantages of the other cycles relative to this classical
standard. The single-spool Turbine Bypass Engine (TBE,
fig. 2) is similar to the turbojet operating with a fixed-
area, choked turbine. The advantage a TBE holds over a
turbojet is a bypass valve that routes compressor exit air
through a duct around the combustor and turbine. This
bypass stream allows the engine to maintain constant
corrected turbine airflow throughout the flight envelope
without reducing the turbomachinery’s rotational speed.
Bypassing this compressor discharge air around the
turbine allows cycle pressures, temperatures, and total
engine airflow to remain higher than those in a turbojet
operating under similar conditions. In addition, this
bypass flow helps to maintain high total engine airflow
during part-power operation, which reduces both spillage
and boattail drags in throttled conditions.

The TBE and turbojet are desirable because of their
high specific thrust. Due to the turbine bypass flow,
however, the subsonic cruise air-handling capabilities
make the TBE a better candidate for the HSCT than a
turbojet. Unfortunately, both the turbojet’s and the TBE’s
high sea level primary jet velocities necessitate the
addition of a relatively large noise-suppressing mixer-
ejector nozzle to meet takeoff noise regulations. A small,
lightweight mixer-ejector nozzle with good aeroacoustic
performance is crucial to the success of the TBE.

The cycle design parameters investigated for the TBE
are the combustor exit temperature, the overall pressure
ratio (OPR), and the turbine bypass flow (TBP), ex-
pressed as a percentage of the total engine airflow. Values
quoted for each of these parameters are always at sea level
static (SLS) conditions. During previous studies of the
NASA Lewis downselect team (refs. 3 and 4), the OPRs
and TBPs investigated for the TBE ranged from 11.0 to
18.5 and from 2.5 to 18.4 percent, respectively. It was
discovered that the TBEs resulting in the lowest takeoff
gross weight aircraft were those that had the highest
allowable OPRs and the lowest TBPs. This is due to the
improvement in thrust-specific fuel consumption (TSFC)
provided by high OPRs and the improvement in top-of-
climb specific thrust provided by low TBPs. Therefore,
the TBEs and the turbojet presented here have the highest
OPRs allowed by the 1993 maximum compressor
discharge temperature limit: 18.5 at T; = 1710 °R. The
TBEs presented here have SLS TBPs of 8.7 percent,
which results in no bypass flow at top-of-climb condi-
tions. The ranges of SLS combustor exit temperatures and
turbine rotor inlet temperatures (T, and Ty, respectively)
for the turbojet and TBEs investigated are shown below.
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Engine Designation T4 (°R) T4 (°R)
TJ3010 3489 3360
TBE3010 3489 3360
TBE3021 3309 3207
TBE3031 3202 3120
TBE3041 2990 2930

The turbine rotor inlet temperatures are calculated by
mass-averaging the core stream and cooling stream
enthalpies. Note that the highest temperature cycles,
TJ3010 and TBE3010, are Ty4,-limited at 3360 °R for the
initial 1993 downselect study. Since the TBE was
eliminated in the 1993 downselect (as discussed below),
no turbojets or TBEs are presented for the 1994 down-
select study’s ground rules (see table 1).

Understanding the tradeoffs between the high- and
low-temperature cycles is difficult without performing an
aircraft mission and sizing analysis (to be discussed
below). The high-temperature engines provide higher
specific thrust and could likely be sized smaller than the
lower temperature engines, but their high primary jet
velocities require larger, heavier mixer-ejector nozzles.
The low-temperature engines benefit from lower TSFCs,
smaller mixer-ejector nozzles, and potentially greater
turbine blade life, but they would need to be sized larger
to meet mission thrust requirements because of their lower
specific thrust.

The influence of transonic afterburning is also
investigated. These additional afterburning engine data
are calculated for flight Mach numbers between 0.90 and
1.40 to provide supplementary thrust throughout the drag
rise of the transonic regime. The amount of afterburning is
limited by either a 600 °R stream temperature rise or by
the maximum allowable mixer-ejector nozzle temperature
of 2710 °R, whichever occurs first. The relatively small
temperature increase of 600 °R is chosen to reflect the use
of a compact, lightweight, limited-performance after-
burner. The level of supplementary thrust is a maximum at
Mach 1.10, and decreases linearly to zero at Mach
numbers 0.90 and 1.40. The additional weight and
dimensions of an afterburning duct are considered.

Mixed Flow Turbofan

The two-spool Mixed Flow Turbofan (MFTF, fig. 3)
has a core bypass stream that rejoins the core flow
through a forced mixer downstream of the turbine.
Bypassing the engine core results in a loss of specific
thrust, but leads to lower TSFCs and jet velocities than a
comparable TBE. Depending on the amount of bypass
airflow designed in the cycle, these potentially low
primary jet velocities make the MFTF an inherently qui-
eter engine than the TBE. Its mixer-ejector nozzle is
therefore typically required to provide less noise sup-



pression than the TBE’s nozzle. Because of these reduced
noise suppression requirements, the MFTF benefits from
potentially lower nozzle size, weight, and boattail drag
levels. And since the maximum propulsion pod cross
sectional area occurs in the nozzle’s ejector region, better
nacelle forebody shapes can be designed on a MFTF pod
than the TBE’s pod, leading to more favorable airframe
integration aerodynamics.

The key cycle parameters investigated for the MFTF
are the fan pressure ratio (FPR), overall pressure ratio
(OPR), mixer secondary-to-primary total pressure ratio,
and the temperature throttle ratio (TTR). The TTR is
defined as the ratio of the maximum T,; encountered to
the SLS design point T, and is directly related to the
airflow lapse of the inlet. Greater inlet airflow lapses lead
to lower TTRs. By choosing to vary these four design
parameters, the engine bypass ratio (BPR) becomes a
dependent variable.

A series of MFTFs are examined using the 1993
ground rules. The values of TTR (1.13) and SLS OPR
(21.0) are determined by the inlet airflow schedule and the
desire to achieve the maximum compressor discharge
temperature at the top of the aircraft climb path, respec-
tively. Like the TBE, earlier NASA Lewis studies (refs. 3
and 4) determined that the highest OPR allowed by the
compressor discharge temperature limit leads to the best
cycle performance. These studies also determined that a
SLS design point mixer pressure ratio slightly greater than
unity is optimal. All of the turbofans evaluated here have a
mixer pressure ratio design value of 1.02. Higher values
produce supersonic mixing problems. Consequently, the
only parameters varied for this particular evaluation are
the maximum allowable T,;, FPR, and BPR. The follow-
ing five cycles are modeled using the maximum Ty,
allowed by the 1993 ground rules (3360 °R) with SLS
FPRs ranging from 3.0 to 4.6. The ranges of SLS FPRs
and BPRs of these high-temperature MFTFs using the
1993 ground rules are shown below.

Maximum T4, = 3360 °R
Engine Designation FPR BPR
MFTF1093 3.00 1.20
MFTF2093 3.40 0.83
MFTF3093 3.80 0.55
MFTF4093 4.20 0.35
MFTF5093 4.60 0.18

Another effect investigated is the reduction of the
maximum allowable T,;. Each of the five MFTFs
described above are redesigned for reductions in maxi-
mum Ty, of 150 and 250 °R. This analysis expands the
analytical design envelope of the turbofan. The specific
thrust penalty of a low-temperature turbofan can be
partially offset by the benefits of reduced specific fuel
consumption and jet noise. Engines with lower combustor
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temperatures also produce fewer NOx emissions and may
potentially have greater hot section life. The same FPR
range above is used for this evaluation. The OPR and
Tsmax for these turbofans remains constant at 21.0 and
1710 °R, respectively. By dropping T4 but holding the
OPR constant, the engine BPR must decrease to compen-
sate. Because of this, an engine with an FPR of 4.6 is not
achievable for a T4 of 3110 °R and there are therefore
only four turbofans analyzed at that temperature. The
ranges of SLS FPRs and BPRs of these low-temperature
MFTFs using the 1993 cycle ground rules are shown
below.

Maximum T4, = 3210 °R

Engine Designation FPR BPR
MFTF1193 3.00 0.98
MFTF2193 3.40 0.64
MFTF3193 3.80 0.40
MFTF4193 4.20 0.21
MFTF5193 4.60 0.06

Maximum T4, = 3110 °R

Engine Designation FPR BPR
MFTF1293 3.00 0.81
MFTF2293 3.40 0.50
MFTF3293 3.80 0.27
MFTF4293 4.20 0.10

The effect of transonic afterburning is investigated for
the 1993 MFTFs. Like the TBE, an afterburner tempera-
ture increase of up to 600 °R is permitted between flight
Mach numbers 0.90 and 1.40. For the low bypass
turbofans, the maximum temperature augmentation must
be limited to observe the mixer-ejector nozzle temperature
limit. The engines that include thrust augmentation have
an additional weight and length increase to account for the
augmentor.

For the 1994 cycle ground rules, the decrease in
maximum allowable T; and Ty, requires the MFTF cycle
design process to be repeated. A similar procedure to the
one explained above is employed to obtain five new
MFTFs. The drop in maximum allowable T3 to 1660 °R
forces the cycle OPR from 21.0 to 19.5. As before, five
MFTFs are derived with the same FPR range. Since it will
be shown that the aircraft noise, mission, and sizing
analyses of the reduced combustor temperature 1993
turbofans resulted in poor aircraft performance, no
reduced temperature turbofans are investigated using the
1994 ground rules. The ranges of SLS FPRs and BPRs of
the MFTFs investigated using the 1994 cycle ground rules
are shown below.



Maximum Ty4; = 3260 °R
Engine Designation FPR BPR
MFTF1094 3.00 1.06
MFTF2094 3.40 0.71
MFTF3094 3.80 0.44
MFTF4094 4.20 0.25
MFTF5094 4.60 0.09

In selecting the optimum MFTF for this application,
several factors must be considered. A low bypass, high
temperature MFTF has a higher specific thrust than a high
bypass, low temperature MFTF and has a smaller installed
engine size requirement. The corresponding high takeoff
jet velocities produced, however, have greater noise
suppression requirements, which lead to a larger mixer-
ejector nozzle. The overall thrust benefit of a small
capture area may be offset by a large nozzle diameter that
could produce unreasonably high boattail drag levels.
These nozzles are also heavier than those requiring less
suppression. For a given airflow, the low bypass MFTF’s
bare engine weight is also higher. This occurs because a
greater portion of the engine airflow must pass through the
core, requiring larger, heavier turbomachinery compo-
nents. Therefore, like the TBE, the trade between the
MFTF’s cycle performance, engine and nozzle weight,
and installation effects must be derived through the
aircraft noise, mission, and sizing analyses.

Variable Cycle Engine

The Variable Cycle Engine (VCE, fig. 4) has been
used in various applications since being proposed for the
Supersonic Cruise Research Program, the most notable
application being a variant used in the U.S. Air Force’s
Advanced Tactical Fighter. The VCE is similar to the
conventional two-spool MFTF described above with two
exceptions. The first is the additional secondary outer
bypass duct, which can be used to increase the overall
BPR and flow handling capability of the engine. This
second bypass stream, at the expense of additional
complexity and weight, improves TSFC and improves fan
surge control by allowing the fan to pass its maximum
amount of air throughout a broader flight regime. This
allows greater flexibility in cycle operation at both high
flight speeds and part-power operation. The second
difference is the presence of a core-driven fan stage
(CDFS) placed directly in front of the high-pressure
compressor. This stage gives a boost in pressure to both
the core and inner bypass flow streams. Unlike the MFTF,
the VCE enjoys a nearly constant overall BPR regardless
of flight condition because the front fan is allowed to pass
only as much airflow as the core-driven fan can handle.
Depending on the amount of bypass flow, the VCE is also
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a relatively quiet engine whose mixer-ejector nozzle is
required to deliver less noise suppression.

In previous studies made for the Supersonic Cruise
Research Program, the front fan was oversized and the
secondary bypass duct was opened during takeoff in an
effort to reduce jet noise. Operating the cycle in this
manner increased the amount of low-energy bypass flow
which reduced the overall exhaust velocity and resulted in
a quieter engine. It was determined, however, that this
reduction in jet velocity was not great enough to justify
the increased size and weight of the front fan. Recent
studies performed by the NASA Lewis team and General
Electric confirm this conclusion. In the current HSR
Program, the VCE’s secondary bypass is only opened at
flight speeds in excess of Mach 1.6 to provide fan surge
control and to improve TSFC. Designed this way, the
VCE produces takeoff and climb exhaust jet velocities
comparable to a similar BPR MFTF cycle. Because there
is no significant inner bypass growth, the VCE designer is
allowed greater latitude in selecting design parameters
which would otherwise result in unacceptably high inner
bypass and thrust lapse values at top-of-climb conditions.

The ranges of the parameters investigated for the
VCE are shown below. All values are given at SLS
conditions except the outer BPR, which is given at top-of-
climb conditions.

Parameter Range

FPR 2.75-4.00

OPR 16.8 - 26.7

T, (°R) 3260 - 3560

Inner BPR 0.15-0.80
Top-of-Climb Outer BPR 0-0.30

TTR 1.00 - 1.21

CDFS PR 1.10- 1.38

Like the TBE and MFTF, the VCE’s optimum OPR
is determined by the highest T; allowed by the 1993
ground rules. The high pressure compressor’s pressure
ratio is chosen to maximize Tj; at top-of-climb conditions.
The fan pressure ratio is chosen to achieve a mixing
balance of inner bypass and core streams. Due to
experience gained from the TBE and MFTF, the VCE
uses the highest T4 allowed by the 1993 Ty, limit. Inner
BPRs greater than 0.8 produce VCEs with too little thrust
during climb and are not considered in this study. Outer
BPRs are optimized for performance and flow control and
are a function of the inner BPR. For inner BPRs less than
0.4, an outer BPR of 0.1 is found to provide the best trade
between TSFC reduction and front fan surge margin. For
inner BPRs between 0.3 and 0.9, the front fan surge
margin requires more flow from the secondary bypass and
the outer BPR is increased to 0.2. TTRs between 1.00 and
1.05 lead to VCEs with attractive TSFCs and acceptable
thrust throughout the mission. The CDFS pressure ratio is



varied within the bounds and strategies already men-
tioned.

The four primary 1993 study VCEs are listed below.
Each of these cycles have SLS OPR, SLS T,4, and TTR
values of 22.3, 3560 °R, and 1.00, respectively.

Engine FPR Inner Outer
Designation BPR BPR
VCE701510 4.00 0.15 0.10
VCE703010 3.52 0.30 0.10
VCE706520 2.96 0.65 0.20
VCE708020 2.75 0.80 0.20

The effect of transonic afterburning is investigated
for the VCE. Since the VCE was eliminated in the 1993
downselect (as discussed below), no VCEs are presented
for the 1994 downselect ground rules.

Flade Engine

The Fan-on-Blade (Flade) cycle (fig. 5) is a hybrid
propulsion system that consists of a core engine sur-
rounded by a bypass duct. This bypass duct, or flade
stream duct, contains variable inlet guide vanes and a
single compression stage created by extending one row of
the core engine’s fan blades into the stream. The flade
stream is ducted downward to the lower half of the engine
where it is exhausted through a variable area nozzle. The
flade stream, in addition to lowering the overall primary
jet noise, acts as a fluid acoustic shield that partially
masks the jet noise perceived by ground observers. One
benefit of this nozzle is its reduction of weight and length
relative to the mixer-ejector nozzles used with the TBE,
MFTF, and VCE cycles. Due to the relatively small
nozzle diameter, the maximum cross sectional area of the
pod is located near the fan, which results in steep angles
in the nacelle forebody region and may create adverse
aerodynamic installation effects. The amount of noise
suppression achieved from this nozzle is discussed below.

Initial versions of the Flade concept contained a VCE
as its core engine. After the VCE was eliminated in the
initial 1993 propulsion selection (as discussed below), the
MFTF became the Flade’s core engine. Only fladed VCEs
using the 1993 cycle ground rules are evaluated in this
study.

The key cycle design parameters investigated for the
Flade engine are similar to those of the MFTF and VCE:
the FPR, CDFS pressure ratio, TTR, and the mixer
secondary-to-primary total pressure ratio. The design
value of the flade stage pressure ratio could be varied as
well; however, it is held constant for this analysis at 1.8.
This is very near the maximum achievable pressure ratio
in a single stage at the tip speeds encountered in this
application. There has been debate on the merits of
flading multiple stages of the fan, which would increase
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the low speed thrust of the overall engine. The Flade
appears, however, to produce ample thrust in this regime,
and such a design is contrary to the flade stream’s purpose
of providing low velocity air for the fluid acoustic shield.
Like the MFTF, all Flades in this study have the same
design mixer pressure ratio. The total design engine
airflow for the cycle screening is 900 1b/s, with 650 Ib/s
entering the VCE and 250 Ib/s entering the flade duct.
This airflow split is another design parameter that may
warrant future investigation. The inner BPR is the
dependent variable in this analysis.

A series of Flade engines are investigated. Two
TTRs, two FPRs, and two CDFS pressure ratios produce a
matrix of eight candidate cycles. The major SLS design
point parameters of these eight Flades are shown in the
following table.

Engine | FPR | TTR | OPR | CDFS | BPR
PR | (VCE)
F193 3.30 1.06 20.5 1.50 0.14
F293 3.00 1.06 20.5 1.50 0.28
F393 3.30 1.06 20.5 1.60 0.05
F493 3.00 1.06 20.5 1.60 0.18
F593 3.30 1.03 21.0 1.50 0.21
F693 3.00 1.03 21.0 1.50 0.37
F793 3.30 1.03 21.0 1.60 0.12
F893 3.00 1.03 21.0 1.60 0.26

The primary jets of the above Flade engines have
velocities ranging from 2300 to 2600 ft/s. These jets
would produce noise levels well in excess of allowable
limits when unattenuated. With the addition of the flade
stream’s fluid acoustic shield, however, significant noise
reduction is possible.

Inverting Flow Valve Engines

The inverting flow valve family of engines consists of
turbojets (TJ/IFVs, fig. 6) and turbofans (TF/IFVs, fig. 7)
with a valve downstream of the fan or low-pressure
compressor that allows for dual-mode cycle operation.
During normal, high-speed flight operations, with the
outer stream of air ducted around the core, these engines
provide the relatively high specific thrust typical of a
turbojet or moderate-bypass turbofan. At takeoff,
however, the valve is turned to a position that inverts, or
switches, the paths of the inner and outer streams through
the engine. At the same time, auxiliary inlet doors are
opened to provide additional airflow, or flow shift, to the
engine core. The bypass stream is either mixed down-
stream of the turbine or is allowed to remain separate, and
exits through either a single or dual flow conventional
convergent-divergent exhaust nozzle, respectively. During
takeoff high-flow operations, the resultant nozzle jet
velocities become comparable to those of a low-noise,



high-bypass turbofan. All IFV engines in this analysis are
designed with maximum dry jet velocities low enough
such that no jet noise suppression is required for FAR 36
Stage 3 noise certification. This jet velocity, approxi-
mately 1450 ft/s, is determined using the noise analysis
tools described below. These valved engines have the
advantage of not requiring a heavy, complex, mixer-
ejector noise suppression nozzle. This advantage is offset,
of course, by the large flow inversion valve that contrib-
utes to weight, complexity, and nacelle aerodynamic
integration challenges of its own.

The original concept for the IFV engine was a single-
spool turbine bypass engine with the flow inversion valve
located behind the first stage of the high pressure
compressor. Previous studies have shown, however, that a
twin-spool TBE can have a larger amount of additional
airflow than the single-spool TBE can when the flow
inversion valve is located behind the low pressure
compressor. Since the IFV engines are designed for low
nozzle jet velocities at takeoff, a large flow shift is critical
to achieving takeoff thrust levels comparable to other
cycles. The turbine bypass feature is therefore eliminated
in this study because it degrades the full-power perform-
ance of a twin-spool turbojet with a flow inversion valve,
and its added complexity offsets any potential part-power
benefit.

The cycle design parameters investigated for the IFV
engines are the combustor exit temperature, the overall
pressure ratio, the fan or low-pressure compressor
pressure ratio, and the amount of additional airflow used
at takeoff. In addition, the bypass ratio for the TF/IFV
cycles is also investigated. Like the other cycles in this
investigation, it was discovered that the IFV cycles
resulting in the lowest takeoff gross weight aircraft are
those having the highest allowable combustor exit
temperatures and the highest allowable OPRs. Thus, all
IFV cycles presented here have the highest OPR and T,
allowed by the T3 and Ty, limits of the 1993 cycle ground
rules: 1710 °R and 3360 °R, respectively. Since the IFV
engines were eliminated in the 1993 downselect (as
discussed below), no IFV engines are presented for the
1994 downselect study’s ground rules.

The relatively poor takeoff thrust of the IFV cycles
results in aircraft that are severely field length con-
strained. Large thrust loadings and small wing loadings,
resulting in heavy aircraft, are required to meet the
minimum field length requirement (to be discussed
below). Consequently, these IFV cycles are designed for
the maximum possible flow augmentation at takeoff
subject to other cycle constraints. Due to this flow
augmentation, the HPC never operates at corrected speeds
greater than 86 percent while in low-flow mode. When in
high-flow mode, the flow to the core increases and the
HPC corrected speed operates at 100 percent. Even when
the flow augmentation and thrust are maximized, severe
field length penalties cannot be avoided. Therefore, the
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additional thrust gained through ground run afterburning
is assumed. Each of the IFV engines has afterburning data
calculated for takeoff ground run operations. The aircraft
begins its ground run with its afterburners turned on. The
added noise of the afterburners during this phase is
alleviated by both ground attenuation and engine-by-
engine shielding effects. As the aircraft climbs through the
second segment of the takeoff, the afterburners are
gradually and automatically turned off so that the jet noise
over the measurement points is reduced to acceptable
levels. It is assumed that future regulations will allow
computer-controlled throttling to occur under the
minimum 689-foot altitude restriction described in
FAR 25 (ref. 13). The afterburners are later activated once
again through the transonic drag rise. As with the other
engines, the amount of afterburning is limited by either a
600 °R stream temperature rise or by the maximum
allowable nozzle temperature of 2710 °R.

For the twin-spool turbojet IFV cycles, the range of
low pressure compressor pressure ratios is limited. For a
TJ/AFV with a mixed exhaust, the LPC pressure ratio can
vary between 2.0 and 2.4. Pressure ratios outside this
range make a static pressure balance in the mixer
unachievable. This range is small enough that varying the
pressure ratio has a negligible influence on airplane
performance. For a TJ/IFV with separate exhaust streams,
the LPC pressure ratio must equal 3.0 for the highest
specific thrust while still meeting the noise requirements.

The range of fan pressure ratios for the turbofan IFV
cycles is similarly limited. For a TF/IFV with a mixed
exhaust, both the fan pressure ratio and the bypass ratio
become linked. The higher bypass ratios at takeoff needed
to meet the noise goals require a low fan pressure ratio to
achieve a static pressure balance in the mixer. This mixing
requirement also means that there is a minimum low-flow
mode bypass ratio that is attainable by this cycle type.
This minimum BPR is approximately 0.8. The turbofan
IFV with separate exhaust streams, on the other hand, can
have any low-flow mode bypass ratio desirable; but, like
the separate flow TJ/IFV, the fan pressure ratio for the
separate flow TF/IFV must be equal to 3.0. The range of
bypass ratios for the IFV engines investigated are shown
below.

Engine Designation Low-Flow | High-Flow

BPR BPR
AIV222 0.41 2.22
AIV216 0.35 2.16
AIV209 0.29 2.09
AIV202 0.24 2.02
AIV196 0.19 1.96
AIV189 0.14 1.89
AIV181 0.08 1.81
AIV139 0.00 1.39




All of the bypass ratios above are quoted at SLS condi-
tions. AIV139 is the only TJ/IFV engine evaluated.

The most challenging part of the aeromechanical
design of the IFV cycle is the inverting flow valve. Given
two concentric flow streams, the IFV flips the inner
stream flow to the outer passage and flips the outer stream
flow to the inner passage without ever mixing the two
streams. In the high-flow mode, when the valve is
inverting the flow streams, the high pressure compressor
maximum corrected speed is 100 percent. The corrected
speed quickly decreases to 85 percent during the transition
to the low-flow mode. The transient behavior when
converting from high-flow to low-flow mode may cause
surging or stalling in either compressor and is one of the
critical design issues for IFV engines. Except for the flow
inversion valve, the mechanical design of the IFV cycles
is similar to the mixed-flow turbofan cycle described
above.

Aircraft Analysis

Airframe Design and Sizing

The U.S. HSR airframers, Boeing and McDonnell
Douglas, provided the NASA Lewis mission analysis
team with sufficient information to model each of their
proposed HSCTs under a strict, limited distribution
agreement. The general arrangements of each of the
planforms are shown in figures 23 and 24. The Boeing
model 1080-924 HSCT has a double-cranked delta wing
which provides relatively good aerodynamic performance
at subsonic cruise and low speed takeoff conditions. The
McDonnell Douglas model D-3235-2.4-7A HSCT, with
its arrow wing, has a configuration designed with
emphasis on the optimization of supersonic cruise
aerodynamics. A comparison of some of the major design
parameters of each company’s HSCT using the 1994
MFTF5000 Lewis turbofan is shown below.

Boeing | Douglas
Still-Air Range (nm) 5000 5186
MTOGW (Ib) 747800 | 762800
OEW (Ib) 288900 | 328400
Payload (Ib) 64890 61500
Passengers 309 300
Overall Length (ft) 313 334
Wingspan (ft) 136 160
Effective Wing Area (ft%) 7860 10210
SLS Net Thrust (Ib) 45400 47900
Aspect Ratio 2.36 2.50
Wing Loading (Ib/ft*) 95.2 74.7
Thrust Loading 0.243 0.251
Subsonic L/D 16.1 14.8
Supersonic L/D 8.4 9.0
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The aircraft loadings are given at maximum takeoff
weight conditions, and the subsonic and supersonic
lift/drag ratios are given at the subsonic and supersonic
cruise midpoint aircraft weights, respectively.

The mission and sizing analyses are performed for
each aircraft/engine combination wusing the Flight
Optimization System code (ref. 14). The wing and engine
sizes are parametrically varied to obtain minimum gross
weight, design point aircraft that satisfy the design
mission requirements. As the wing and engine vary in
size, the aircraft weights and aerodynamics are systemati-
cally altered according to accepted methods applicable to
high-speed transport aircraft. The aspect ratio remains
constant as the wing area changes. This analysis is
graphically typified in so-called aircraft sizing “thumb-
prints,” where the effects of various constraining
parameters show the required sizes of the engine and wing
that result in a minimum gross weight, constrained
aircraft. For example, the thumbprint for the 1993
TBE3010 on the Boeing HSCT is shown in figure 25. In
this particular case, the vehicle is constrained by the FAR
25 takeoff field length and fuel volume requirements and
the engine thrust and wing are sized at 43000 Ib and 7935
ft’, respectively. The constrained airplane’s maximum
takeoff gross weight is minimized at 744046 Ib. In cases
where engine and wing sizes can be traded with little or
no gross weight penalty, airframers will frequently choose
larger wing and smaller engine sizes. This should allow
for the less expensive purchase of engines, which are
typically priced on a thrust basis, and larger wings often
allow for future growth of the airplane. Because of the
preliminary nature of this study, no such trades are
performed. Aircraft gross weight is the measure of merit
assigned to each of the propulsion cycles.

Inputs required for the Flight Optimization System
program include the engine data (calculated as described
previously), airplane dry weight data and scaling relation-
ships, airplane aerodynamics and scaling relationships, the
mission profile, and airplane constraining details. Each is
discussed below.

The dry airplane weight scaling relationships are
provided by the airframers and are illustrated in figures 26
and 27. The operating empty weight (less the propulsion
system weight, which is calculated by the Lewis team as
described above) is a function of both the maximum
takeoff gross and wing weights. The wing weight, in turn,
varies with the wing area and with the propulsion pod
weight, both of which change during the sizing process.
The changes with respect to pod weight reflect the design
requirements of the supporting wing spar. The weight
scaling relationships in figures 26 and 27 are presented for
the reference pod weights and for a range of wing
loadings.



Aerodynamics

The aircraft aerodynamics are also provided by the
airframers and are shown in figures 28 and 29. These
aerodynamics are also a function of Reynolds number, but
are accurate as shown in the figure at altitudes along the
trajectory. Low-speed aerodynamics are also provided by
each airframer for takeoff trajectory calculations. The
pods used in Boeing’s and McDonnell Douglas’ aerody-
namic calculations are Pratt & Whitney’s STJ989 TBE
and General Electric’s D6 Flade engine, respectively.
Ideally, these aerodynamics should be scaled with respect
to the propulsion pod size and shape. Studies have shown,
however (e.g., ref. 15), that if careful consideration is
given to the proper nacelle placement, nacelle contours,
wing cambering, and wing twist, the overall effect of
reasonable pod size and shape variations on the overall
airplane aerodynamics can be relatively small. Therefore,
in the interest of screening a large number of engine sizes
and types in a short time, changes in aerodynamics due to
propulsion-airframe integration effects are not considered
directly in this study. The throttle-dependent, isolated
nacelle installation drags discussed previously, of course,
are included in the installed engine data, but the Boeing
and McDonnell Douglas nacelle aerodynamics remain
unchanged with respect to the original STJ989 and D6
engine pods, respectively. Nevertheless, these propulsion-
airframe integration issues are important and are studied
in other NASA Lewis in-house efforts (see ref. 16). The
study described in this reference shows that incorporating
propulsion-airframe integration effects does not affect the
propulsion system selections.

Mission Definitions and Constraints

The missions suggested by Boeing and McDonnell
Douglas are shown in figures 30 through 32. The Boeing
design mission (fig. 30) consists of typical taxi-out,
takeoff, and climb segments, followed by an over-water,
Mach 2.4 climbing cruise segment. A traditional step-
cruise profile typical of subsonic aircraft is not used, since
air traffic between 55000 and 65000 feet will be light
compared to the subsonic fleet’s cruise altitudes. In
addition, air traffic control technology will likely be able
to handle climbing cruise flight profiles when the HSCT
enters service. Typical descent, approach, landing, and
taxi-in segments follow, for a still-air range of 5000 nm. A
reserve mission, consisting of a six percent of trip fuel
contingency allowance, a 260 nm subsonic alternate
airport diversion, and a 30-minute hold, is also included.
The design mission occurs with the full payload comple-
ment of 309 passengers. To prevent sonic boom noise, the
regulations of reference 17 prohibit supersonic flight of
civil aircraft over U.S. land. For this reason, and for the
need to provide a more “typical” HSCT mission for
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economic direct operating cost calculations, an off-design,
“economic” mission which includes a subsonic cruise leg
is also analyzed. This economic mission, shown in
figure 31, includes a 600 nm outbound cruise leg at Mach
0.90, has a reduced, 201-passenger complement, and has a
reduced range of 3436 nm. Performing the subsonic cruise
leg on the outbound side of the supersonic cruise leg
requires less fuel and is more optimistic than the reverse,
since the airplane is therefore lighter during the remaining
climb to supersonic cruise.

The McDonnell Douglas design mission (fig. 32)
uses a 300-passenger complement and incorporates an
overland, Mach 0.95 outbound subsonic leg. Its range is
5000 nm with headwinds, which is equivalent to a still-air
distance of 5186 nm. A reserve mission, consisting of a
three percent block fuel contingency allowance and a
200 nm subsonic alternate airport diversion, is also
included. Climb and descent altitude-Mach number
profiles suggested by the airframers are shown in
figures 33 and 34.

Every airplane sized in this study is constrained to an
11000 foot, 86 °F FAR 25 field length to allow operations
out of most of the world’s major airports. The approach
velocity is limited to 155 keas. A minimum potential rate
of climb constraint is also applied to the entire climb
profile. This minimum value is 500 and 1000 ft/min for
the Boeing and McDonnell Douglas HSCTs, respectively.
Each HSCT’s wing area is also constrained by the amount
of available fuel volume for its design mission. The wing
area and fuel volume relationships are provided by the
manufacturers. In addition to these constraints, each
HSCT must also comply with the FAR 36 Stage 3 noise
regulations. Although no domestic noise regulations exist
for future supersonic commercial aircraft, the FAA has
stated its intentions (ref. 18) to restrict these aircraft to
FAR 36 Stage 3 noise levels. The takeoff noise constrain-
ing process is described below.

Takeoff and Noise Analysis

Operational Procedures

Applying the methods of reference 14, a detailed
takeoff analysis is performed for each HSCT using the
aircraft physical characteristics and low-speed aerody-
namics supplied by the airframers. Since the FAR 36
noise certification field length need not necessarily
coincide with the FAR 25 performance field length, this
constraint is relaxed from 11000 feet to 12000 feet for
noise certification evaluations. The arrangement of the
Effective Perceived Noise Level (EPNL) measurement
points used in FAR 36 certification is shown in figure 35.
Approach power settings are not available and approach
noise levels are not calculated. The noise constraining
process for each aircraft is determined only by the sideline
and community noise levels.



The regulations of reference 2 specify the operational
procedures that may be used for takeoff. For a four-engine
aircraft, the throttle setting during takeoff must remain
constant from the point of brake release until the aircraft
reaches an altitude of at least 689 feet. Above this
altitude, with all engines operating, the thrust may be
reduced to a level that maintains a four percent minimum
climb gradient. This standard throttle cutback is designed
to reduce the noise perceived by the community observer
(see fig. 35). During the ground roll, the throttle may be
set at either a part-power setting or at maximum power.
Both of these tactics can be used to reduce noise.

A simple part-power takeoff reduces noise directly
through quieter engine operation. The part-power setting
used in this type of takeoff is determined by the thrust
necessary to achieve the 12000 foot field requirement
using the minimum allowable rotation velocity. A
maximum dry power takeoff, although producing more
direct engine noise, may indirectly generate lower
effective perceived noise levels by delaying rotation until
the 12000 foot field limit is reached. This allows the
aircraft to build up greater speeds on the runway, achieve
a higher climbout velocity, and increase its rate of climb.
The EPNLs can be reduced because passage by the
sideline and community measurement points occurs at
higher altitudes. Further noise reduction for the commu-
nity observer occurs when this higher climbout velocity
allows the pilot to cutback to a lower power setting.
Other, smaller, benefits of a high-speed, delayed rotation
takeoff include noise reduction due to reduced aircraft-
observer dwell time, reduced frequency of the received
noise due to increased Doppler shift, and greater forward-
velocity jet noise attenuation (refs. 19 and 20).

Note that even an HSCT that is field length con-
strained at 11000 feet for performance reasons may take
some advantage of part-power or delayed rotation takeoffs
due to the extra one thousand feet of available field length
used in noise certification. The TBE HSCT shown
previously in figure 25 is one example of this. Conversely,
aircraft with relatively low specific thrust engines are
typically sized to meet climb constraints and therefore
may have very short performance field lengths. These
aircraft, such as the Boeing HSCT with the MFTF2000,
can take much greater advantage of part-power or delayed
rotation 12000 foot takeoffs. Further, this engine is
already inherently much quieter than its high specific
thrust relative, the MFTF5000. When performing
advanced takeoff procedures (discussed below), this
engine requires very little mixer-ejector nozzle noise
suppression at all.

Some advanced takeoff procedures are proposed that
do not yet strictly conform to current FAA safety and
noise certification regulations. One such procedure, called
the auto-throttle, or programmed lapse rate (PLR)
maneuver, is considered in this study. FAR 36’s require-
ment of maintaining a constant throttle setting under the
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689 foot altitude limit is thought to be avoidable if
computer-controlled throttle scheduling is used. After the
35 foot commercial obstacle is cleared, but before the
conventional throttle cutback takes place, the throttle
setting is automatically reduced to lessen the sideline
noise. The final level and rate of this PLR thrust reduction
are considered to be free variables in this study. Their
optimization for minimum total EPNL production is
discussed below. The level to which the throttle may be
reduced is limited by the second- and final-segment climb
gradient criteria. It will be shown that the PLR maneuver
can greatly reduce the problematic sideline noise levels
and considerably lower the amount of overall nozzle noise
suppression required. This noise reduction, however, is
not without consequences. The PLR throttle reduction
adversely affects the aircraft’s rate of climb and forces the
aircraft to pass over the community noise measurement
point at a lower altitude than it would if a standard takeoff
had been performed. For this reason, PLR maneuvers,
despite their sideline noise reduction advantages, are in
direct conflict with keeping community noise levels low.

Since the 2005 subsonic fleet is expected to be, on
average, more than 5 EPNdB under current FAR 36 Stage
3 regulations, unfavorable comparisons will undoubtedly
be made with the HSCT. Many think that the HSCT
should not be designed with a low-suppression nozzle to
be used in conjunction with a PLR takeoff. For many
propulsion cycles, however, meeting the sideline noise
requirement is a serious challenge, and the advantages of
a PLR are not easily dismissed. For these reasons, both
standard and advanced takeoffs are calculated in this
study. Each is described below.

Standard Takeoff

A standard takeoff is defined in this study as one
which uses only a fixed, part-power initial throttle setting
and a throttle cutback. The fixed, part-power throttle
setting is determined by the ground run thrust derate level
required to achieve a 12000 foot field length using the
minimum rotation velocity. This throttle setting remains
constant throughout the ground run, rotation, liftoff,
obstacle clearance, and first constant climb segments of
the takeoff. A throttle cutback is then performed. Al-
though regulations governing four-engine aircraft allow
cutbacks at altitudes as low as 689 feet, the cutbacks
performed in this study occur at a point 19000 feet
downrange from the point of brake release. At this point,
depending on the amount of ground run derate, typical
Boeing HSCTs are generally at altitudes of about one
thousand feet. Even though a late cutback increases
sideline noise somewhat (ref. 21), it is used because it
improves the rate of climb throughout the second constant
climb segment to the benefit of the community noise
observer. The trajectory and throttle history of the Boeing
TBE3010 HSCT using a standard takeoff is shown in



figure 36. The ground run derate for this configuration is
four percent less than SLS maximum dry thrust. The
throttle in this case is cut back to 61 percent of maximum
dry net thrust at ten percent per second.

Advanced Takeoff

An advanced takeoff is defined in this study as one
which uses both part-power derate and delayed rotation
ground run tactics and combines them with PLR and
throttle cutback maneuvers. The effects of the derated
throttle setting and the amount of delayed rotation
overspeed must combine to yield no more than a 12000
foot field length. The ground run derate and delayed
rotation speed of the TBE3010 Boeing HSCT in figure
36, for example, are three percent less than SLS maximum
dry net thrust and 30 percent more than the aircraft stall
speed, respectively. The PLR is considered to consist of
two free variables: the thrust lapse and the thrust lapse
rate. The PLR shown in figure 36, for example, has a
lapse rate of two percent per second and lapses to a level
of 78 percent of SLS maximum dry net thrust. A throttle
cutback to 59 percent thrust at a downrange distance of
19000 feet is performed as before. Note that due to the
greater climbout velocity achieved through runway
overspeeding, the advanced takeoff method allows a
lower, quieter throttle cutback power setting to be used
than the standard takeoff method’s setting. Both trajecto-
ries are constrained to the four percent second-segment
climb gradient requirement. These values of derate,
delayed rotation overspeed, and thrust lapse and lapse rate
above are the optimum values for minimum noise
production of the TBE3010 Boeing HSCT. The actual
amounts of ground run derate and overspeed, though
linked through the field length requirement, are systemati-
cally varied and numerically optimized along with the
PLR’s two lapse variables to yield minimum overall noise
production as described below.

Noise Evaluation

The takeoff trajectory, aircraft orientation, primary jet
properties, and throttle history data for each HSCT are
passed to the noise analysis portion of the mission
analysis code derived from reference 22. Jet noise is
calculated for each propulsion system using the
Motsinger-Sieckman single-stream convergent jet noise
model (ref. 23). This jet noise model, which is incorpo-
rated into the mission analysis code specifically for this
study, is chosen for its accuracy in predicting high
pressure ratio jet noise. The jet noise is corrected for
spherical spreading, atmospheric attenuation (ref. 24),
extra ground attenuation (ref. 25), and shielding effects
(ref. 22). The resulting tone-weighted perceived noise
level (PNLT) time traces for the TBE Boeing HSCT
trajectories of figure 36 are shown in figure 37. Note that

NASA/TM—2005-213414

12

the theoretically continuous sideline is approximated by
an array of observers at discrete intervals of one thousand
feet along the sideline. These noise levels are numerically
integrated on a logarithmic basis with respect to time to
yield the EPNLs at the noise measurement points. The
greatest of these sideline EPNLs is the sideline noise
defined by FAR 36. Note that the sideline noise for the
TBE HSCT occurs at the ninth sideline observer location
for both the standard and advanced takeoff profiles. The
PNLT trace at this position is integrated with respect to
time to yield sideline EPNLs of 119.3 and 116.1 EPNdB
for the standard and advanced profiles, respectively. The
community EPNLs are coincidentally identical at
118.9 EPNdB. The overall results for the TBE profiles
shown in figure 37 are summarized in tables 4 and 5. Note
that the gross weight-dependent FAR 36 Stage 3 rule is
slightly different due to the difference in weight between
the two aircraft.

Optimization of the advanced takeoff profile for
minimum sideline and community EPNLs is conducted
using the individual procedures discussed above. The
ground roll derate, thrust lapse, and thrust lapse rate are
parametrically varied by a Hooke and Jeeves optimization
algorithm modified with a gradient search correction. The
level of delayed rotation used in each optimization
iteration is determined by the amount of throttle derate
used and the 12000 foot field requirement. The sideline
and community EPNL exceedance levels relative to the
rule for the TBE Boeing HSCT are graphically shown in
figures 38 and 39, respectively. A ground run derate of
three percent is pictured. It can be seen from figure 38
that the more severe PLR maneuvers greatly reduce the
sideline noise. The community noise levels of figure 39,
however, are adversely affected by these same PLR
maneuvers. An overall required suppression level, defined
as the maximum of either sideline or community EPNLs,
is therefore the object function necessary for optimization
with respect to FAR 36. This parameter, shown in
figure 40, graphically illustrates the tradeoff of the PLR
maneuver with respect to the two noise measurements.
Overlaid on the object function is the optimization path
computed by the modified Hooke and Jeeves algorithm.
The trajectory defined by the final, optimized values of
derate, delayed rotation, and PLR is checked to ensure
that the minimum climb gradients required by the
regulations of reference 2 are not violated.

Since jet noise is the only noise source calculated in
this study, an additional two decibels are added to each
aircraft’s nozzle noise suppression requirement to account
for propulsion noise sources other than the jet and to
provide a noise sizing assurance margin for each airplane.
The jet noise suppression requirements for the TBE of
tables 4 and 5, for example, are 18.9 and 15.8 dB for the
standard and advanced takeoff profiles, respectively. For
aircraft with engines equipped with mixer-ejector nozzles,
subsequent sizing iterations are necessary and are



calculated using the results of each previous noise
calculation. This iteration process is illustrated in
figure 41. For each iteration, aircraft sizing thumbprints
are prepared using engine and aircraft data, a perform-
ance-constrained aircraft is designed, and detailed takeoff
and noise analyses are performed. Since the nozzle mass
flow augmentation used for the first iteration is based on
the primary stream’s maximum dry jet velocity (via fig.
16), the amount of noise suppression the mixer-ejector
nozzle provides is always too great for takeoffs using
noise abatement procedures with lower jet velocities.
Ideally, a specific mass flow augmentation value for each
engine is required that is commensurate with suppressing
the amount of noise generated. The iteration on flow
augmentation is considered necessary. Using an augmen-
tation that is too low would violate noise requirements,
while using an augmentation that is too high would
unnecessarily penalize the aircraft with excessive nozzle
weight, boattail drag, and more complex airframe
integration problems. This ideal mass flow augmentation
is derived iteratively using the mixer-ejector severity
model relationship to the primary jet velocity shown in
figure 16. This primary jet velocity, in turn, is derived
analytically from the sideline EPNL-jet velocity relation-
ship determined by the jet noise analysis of reference 23.
Convergence, thankfully, is quick: no more than three
sizing iterations are typically required before the appro-
priate amount of mass flow augmentation and noise
suppression is achieved. Note that after the first iteration,
the primary jet velocity used for the nozzle model
calculations is no longer the actual, physical primary jet
velocity, but is rather an “effective,” or “average” primary
jet velocity whose magnitude is that which generates the
EPNLs calculated at the noise measurement points. The
tacit assumption in this method is that the mixer-ejector
nozzle’s assumed noise suppression capability is inde-
pendent of the primary jet velocity’s variations with
throttle setting. This assumption is borne out in many
recent nozzle acoustic tests, but as the design of mixer-
ejector nozzles becomes more finely calibrated to primary
stream conditions, this assumption may ultimately prove
to be flawed. Ideally, in addition to mass flow augmenta-
tion, the nozzle noise suppression’s dependency on
throttle setting should be included. Such information,
however, is not available at the time of this writing.

Flade Engine Considerations

The Flade-engined HSCTs’ unique noise sizing
process is illustrated in figure 42. Unlike the mixer-ejector
nozzles, whose noise suppression ability is an adjustable
variable depending on the amount of flow augmentation
assumed, the Flade nozzle is assumed to be capable of
delivering a fixed, limited amount of suppression. This
level of suppression, shown in figure 43, is based on
General Electric’s studies and is assumed to be a function
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of the mixed jet velocity of the flade and primary streams.
Flade-engined HSCTs have a distinct disadvantage
relative to HSCTs with mixer-ejector nozzles. If the
amount of flade suppression is not adequate to suppress
the noise to acceptable levels, the entire Flade engine
must be sized larger than that required by simple perform-
ance requirements. These oversized engines are then
throttled to a greater degree during takeoff to reduce the
EPNLs. The iteration on engine size proceeds by
following the locus of minimum gross weight increases
with respect to increasing engine size until FAR 36 is
satisfied. This will be shown to be an inefficient method
to reduce noise. In general, with mixer-ejector nozzle
weights and dimensions determined by the model
illustrated in figures 17 through 21, the ability to design
the level of noise suppression into the airplane through the
nozzle is always preferable to reducing the noise through
oversizing the engines. Indeed, as shown below, the
increased propulsion weights and corresponding increased
gross weights of Flade HSCTs due to oversized engines
make all but one of the Flade HSCTs unreasonably heavy.

Results and Discussion

Results for each of the propulsion systems evaluated
are presented in tables 6 through 46.

The maximum takeoff gross weight results for the
1993 turbojet and TBE Boeing HSCTs are shown in
figures 44 and 45. Note that for the TBE, there is virtually
no gross weight penalty in reducing the design combustor
exit temperature from the maximum 3489 °R (TBE3010)
to 3309 °R (TBE3021). The cooler TBE’s specific thrust
penalty is offset by its lower specific fuel consumption
rates and its smaller, lighter, mixer-ejector nozzle. At
design combustor temperatures less than
3309 °R, however, the airplane requires increasingly
larger engines to satisfy its thrust requirements and the
gross weight begins to increase. The dramatic effect of the
advanced takeoff procedure on the noise suppression
requirement can be seen in figure 45. The nozzle noise
suppression requirement for the TBE3010 Boeing HSCT,
for example, can be reduced from 18.9 to 15.8 dB by
employing the advanced takeoff procedures described
above. The mixer-ejector flow augmentation requirement,
which falls from 126 to 74 percent, results in an aircraft
gross weight reduction of 15000 pounds. The benefits of a
PLR advanced takeoff for the TBE are clear. The
influence of the design combustor exit temperature on
noise production is dramatic as well. The noise suppres-
sion requirement drops 1.5 and 3.4 dB over the
temperature range investigated for the standard and
advanced takeoff procedures, respectively.

The increased fuel flow and added weight of the
afterburners adversely affects the transonic afterburning
TBEs. Gross weight penalties of about 4000 pounds due



to transonic afterburning can be seen in figures 44 and 45.
Even the lower temperature, lower specific thrust TBEs
have sufficient thrust to climb through the transonic drag
rise without the aid of an afterburner.

The benefit of the turbine bypass feature is clear. The
reference turbojets shown in figure 44 have gross weights
over 30000 pounds more than the corresponding TBEs.
Interestingly, however, due to their considerably poorer
SLS thrust, the high-temperature turbojets shown in
figure 45 require much less noise suppression than the
high-temperature TBEs.

The maximum takeoff gross weight results for the
1993 and 1994 MFTFs are shown in figures 46
through 53. The influence of bypass ratio and maximum
allowed Ty, for the 1993 MFTFs using the Boeing HSCT
is shown for both standard and advanced takeoff proce-
dures in figures 46 and 47. Minimum gross weight aircraft
are achieved in this study by designing the highest
temperature and lowest bypass turbofans possible. A
mixer-ejector weight model that more conservatively
penalizes large mass flow nozzles, however, can easily
force the gross weight minimum towards somewhat larger
bypass ratios. Optimum bypass ratio selection is also
heavily affected by boattail drag models, mission
requirements, and airplane characteristics. The noise
impact of these 1993 MFTFs is shown in figure 48. Note
that for the Boeing HSCT, the best 1993 turbofan
(MFTF5093) enjoys 23000 pound gross weight and
1.9 dB noise suppression advantages over the best 1993
TBE.

Unlike the TBEs, the lower specific thrust MFTFs
generally have more difficulty climbing through the
higher drag of the transonic regime. It is therefore
possible for the MFTFs to benefit from transonic
afterburning while the TBEs do not. The increasing gross
weight benefit of transonic afterburning with increasing
bypass ratio for the 1993 turbofans using the Boeing
HSCT is shown in figure 49.

The influence of the more conservative 1994 cycle
ground rules on the MFTF is shown in figure 50. The 4.6
fan pressure ratio MFTF carries more than a 25000 pound
gross weight penalty due to the lower maximum allowable
T; and T4, requirements (see table 1).

The results of airplane selection on the 1994
turbofans are shown in figures 51 through 53. Although
the aerodynamics, empty weights, scaling models,
constraining requirements, and design mission profiles of
the Boeing and McDonnell Douglas HSCTs differ, their
calculated gross weights are remarkably similar. The
McDonnell Douglas HSCT has lower gross weights than
the Boeing HSCT when designed with the higher bypass
MFTFs (figs. 51 and 52). This is primarily due to the
presence of the subsonic cruise leg in the McDonnell
Douglas design mission. The airplane is able to take better
advantage of the higher bypass turbofans’ good subsonic
performance. The advantages of good low-speed aerody-
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namics can be seen in figure 53. The Boeing HSCT, with
its superior lift-drag ratio over a greater range of angle of
attack, is able to take better advantage of advanced
takeoff procedures than the McDonnell Douglas HSCT.
The noise suppression requirement for the MFTF5094
HSCTs using a standard takeoff profile is identical at
18.8 dB. In an advanced takeoff, however, a much more
effective PLR can be implemented with Boeing’s better
low-speed aerodynamics. This results in a 1.6 dB
reduction in the nozzle suppression requirement for the
MFTF5094 Boeing HSCT.

The maximum takeoff gross weight results for the
1993 VCE Boeing HSCTs are shown in figures 54 and
55. Like the turbofans, the lowest inner bypass VCE
produces the lowest gross weight aircraft. Unlike the
MFTF, however, the better transonic air-handling
qualities of the VCE negate any benefit of transonic
afterburning. Even at the relatively high inner bypass ratio
of 0.80, a level at which the turbofan profits from
transonic afterburning, the additional weight and fuel
expenditure of the afterburner reverses any advantage of
afterburning for the VCE. Note that the gross weight of
the VCE701510 HSCT is nearly identical to the weight of
the low bypass MFTF5093 HSCT. Although capable of
slightly better performance than the turbofan, the VCE has
a larger propulsion pod weight that results in 1.5 and
1.2 percent gross weight penalties for the standard and
advanced takeoff procedures, respectively.

Each of the eight 1993 Flade engines are initially
analyzed from a simple performance standpoint using the
Boeing HSCT without a noise analysis. The special noise
constraining analysis for the Flade cycles described above
is then performed. This noise analysis is applied to the
Flade HSCTs in order of increasing gross weight until a
minimum gross weight noise-constrained airplane is
found. Due to the limited noise suppression capabilities of
the unique fluid acoustic shield Flade nozzle, however
(see fig. 43), not all of the Flade cycles can meet the
FAR 36 Stage 3 noise requirements. The F393 and F793
Flade HSCTs, for example, have the lowest gross weights
without a noise constraint, but are unable to meet the
noise requirements without incurring excessive engine
oversizing gross weight penalties. The F193 HSCT,
although ranked third in gross weight for Flades without
noise constraints, has the lowest noise-constrained gross
weight of all eight Flade cycles considered. This perform-
ance is achieved by implementing an advanced takeoff
procedure with PLR, delayed rotation, and ten percent
engine oversizing. This analysis results in a 748373 1b
aircraft that is 6.1 percent heavier than the 1993
MFTF5093 Boeing HSCT using advanced takeoff
procedures. Due to the tedium involved in the noise
analysis process, the remaining five heavier Flade HSCTs
remain unconstrained with respect to the noise require-
ment. None of the Flade engines are analyzed using the



1994 cycle ground rules, transonic afterburning, or the
McDonnell Douglas airplane.

The maximum takeoff gross weight results for the
1993 IFV Boeing HSCTs are shown in figure 56. Like the
other cycles evaluated in this study, the highest specific
thrust TF/IFV results in the lowest gross weight aircraft.
The AIV181 Boeing HSCT has a gross weight of
728173 1b, which is 3.2 percent greater than the 1993
MFTF5093 Boeing HSCT using advanced takeoff
procedures, and only one percent greater than the
MFTF5093 Boeing HSCT using a standard takeoff. The
TJ/AFV HSCT, due to its reduced versatility relative to the
TF/IFV HSCTs, has a 19 percent higher gross weight than
the AIV181 HSCT. None of the IFV engines are analyzed
using the 1994 cycle ground rules or the McDonnell
Douglas airplane.

A maximum takeoff gross weight, design mission
block fuel weight, and economic mission block fuel
weight comparison is shown in figure 57 for the best of
each of the 1993 cycles evaluated on the Boeing HSCT
using advanced takeoff procedures. Note that the cycle
ranking is similar regardless of which weight measure of
merit is chosen. The low bypass MFTF5093 HSCT is the
lowest weight aircraft and has the best fuel economy of
the group. A similar weight comparison for aircraft using
standard takeoff procedures is shown in figure 58. The
Flade and IFV HSCTs, which exclusively use only
advanced takeoff procedures as explained above, are not
represented in the figure.

Emissions comparisons of the same engines are
shown in figures 59 and 60. The emission indices shown
are taken at the mid-weight supersonic cruise point of the
Boeing HSCT design mission. A new emissions parameter
called specific NOy is introduced. Defined as the amount
of cruise NOy generated per passenger mile, it delineates
the effect of both aircraft fuel consumption performance
and payload-carrying capabilities. Using the generic HSR
combustor emissions model described previously, cruise
emission indices ranging from 6.7 to 8.5 Ib/klb are
indicated for the HSCTs using advanced takeoff proce-
dures. These indices are greater than the HSR combustor
emission index goal of 5 Ib/klb. A fleet of 600 HSCTs
with combustors operating at the emissions goal perform-
ance levels will likely have little or no effect on the
steady-state amount of atmospheric ozone (ref. 26). One
method of reducing these emission indices to the goal
value is to reduce the design T, of the cycles. A gross
weight and emissions sensitivity of the 1993 TBEs and
MFTFs across the temperature range investigated is
shown in figure 61. Note that for a given temperature
reduction, the MFTF is able to reduce cruise emissions
much more effectively than the TBE. Another method of
reducing these emission indices comes as a natural
consequence of adopting the newer, more conservative,
1994 cycle ground rules. These ground rules, which
reduce both T, and T;, lower the supercruise emission
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index of the 4.6 FPR MFTF from 8.2 Ib/klb to the near-
goal performance value of 5.7 Ib/klb.

Concluding Remarks

Although maximum gross weight, fuel burned, noise,
and emissions data are very important in selecting the
primary and secondary propulsion systems, other effects
that are not directly evaluated in this study must also be
considered. Engine cost, operating life, reliability,
maintainability, manufacturing complexity, versatility,
risk, operating cost, and airframe integration considera-
tions all contribute to the downselect process. Many of
these issues are addressed in various NASA-sponsored
studies throughout industry.

For example, the use of afterburning is rejected by
the NASA/industry propulsion downselect team due to its
high temperature material requirements and impact on
component life. This decision is made despite studies that
indicate modest performance benefits in some low
specific thrust applications. The valved engine HSCTs,
which require afterburning thrust performance during the
takeoff ground run to shorten their exceptionally long
field lengths, are severely penalized by the lack of
afterburners. Afterburning jet noise produced during the
ground run and transient performance during valve
clocking movements are also concerns. Although capable
of respectable performance (see e.g., fig. 57), the
afterburning issue, combined with their somewhat
unconventional design and element of risk, effectively
eliminates the IFV engines from contention.

Added complexity is also an undesirable characteris-
tic. Although the VCE is capable of good performance, its
additional aeromechanical requirements are difficult to
justify for an HSCT application. Although the VCE’s
thrust and fuel consumption performance is slightly better
than the MFTF’s, it is the VCE’s additional engine weight
that contributes to its overall heavier aircraft weight. For
these reasons, the VCE is dropped from the competition.

Interestingly, unlike the IFV and VCE, the TBE is the
only cycle analyzed here that is eliminated from consid-
eration by using aircraft sizing and noise data alone. This
conclusion was established using these criteria as early as
1991 (ref. 3). Although the TBE is the simplest of the
concepts considered, the MFTF is only slightly more
complex and holds a three percent gross weight advantage
over the TBE. Due to the difficulty involved in suppress-
ing the noise of its high pressure primary flow stream, the
TBE also has a poor ability to cope with the possible
introduction of more restrictive future noise regulations.

The primary propulsion concept selected by the
NASA/industry propulsion team for further study is the
MFTF. Its good performance, resulting in low aircraft
weights, and low risk and complexity lead to the best
direct operating costs of any propulsion system consid-
ered to date. And since its design bypass ratio can be



varied, its performance can be adjusted somewhat to more
effectively match both mixer-ejector nozzle and aircraft
design requirements.

The secondary propulsion concept selected is the
Flade engine with a fluid acoustic shield nozzle. The
Flade cycle represents a reasonable balance of design
compromises and pursues distinctly different technologies
than the mixer-ejector propulsion systems. Should the
mixer-ejector design of the MFTF provide insufficient
noise suppression, the Flade cycle provides an alternative
technology path to follow.

Continued studies of both of these engines, as well as
other concepts, are needed to secure our stake in the
revolutionary supersonic aircraft of the future.

References

1. Fishbach, L.; Stitt, L.; Stone, J.; and Whitlow, Jr., J.:
NASA Research in Supersonic Propulsion - A Dec-
ade of Progress. NASA TM 82862, 1982.

2. Noise Standards: Aircraft Type and Airworthiness
Certification. FAR, Part 36, Federal Aviation Ad-
ministration, 1974. (Consolidated Reprint Aug. 12,
1985.)

3. Seidel, J.; Haller, W.; and Berton, J.: Comparison of
Turbine Bypass and Mixed Flow Turbofan Engines
for a High-Speed Civil Transport. AIAA Aircraft
Design Systems and Operations Meeting, AIAA 91-
3132, 1991.

4. Berton, J.; Haller, W.; Seidel, J.; and Senick, P.: A
NASA Lewis Comparative Propulsion System As-
sessment for the High-Speed Civil Transport. First
Annual High-Speed Research Workshop, NASA
Conference Publication 10087, Part II, 1991.

5. Plencner, R.; and Snyder, C.: The Navy/NASA Engine
Program (NNEP89) - A User’s Manual. NASA TM
105186, 1991.

6. Klann, J.; and Snyder, C.. NEPP Programmer’s
Manual (NASA Engine Performance Program), Vol-
umes I and II. NASA TM 106575, 1994.

7. Onat, E.; and Klees, G.: A Method to Estimate
Weight and Dimensions of Large and Small Gas
Turbine Engines. NASA CR 159481, 1979.

8. Kowalski, E.; and Atkins, Jr., R.: A Computer Code
for Estimating Installed Performance of Aircraft Gas
Turbine Engines, Volumes I, II, and III. NASA CRs
159691, 159692, and 159693, 1979.

9. Los Angeles Aircraft Division of Rockwell Interna-

tional Corporation: Methods for Comparative

Evaluations of Propulsion System Designs for Super-

sonic Aircraft. NASA CR 135110, 1976.

Schmidt, A.: Preliminary Weight Estimation of

Engine Section Structure. SAWE Paper No. 1311,

Index Category No. 23, 1979.

10.

NASA/TM—2005-213414

16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Moses, P.; and Jones, S.: Internally Pressurized
Structural Synthesis and Optimization Code. Docu-
mentation, first updated release: April 24, 1987,
NASA LaRC.

Craidon, C.: User’s Guide for a Computer Program
for Calculating the Zero-Lift Wave Drag of Complex
Aircraft Configurations. NASA TM 85670, 1983.
Airworthiness ~ Standards, Transport  Category
Airplanes. FAR, Part 25, Federal Aviation Admini-
stration, March, 1984.

McCullers, L.: Aircraft Configuration Optimization
Including Optimized Flight Profiles. Proceedings of
the Symposium on Recent Experiences in Multidisci-
plinary Analysis and Optimization, NASA CP 2327,
April 1984.

Barnhart, P.: A Supersonic Through Flow Fan
Engine Airframe Integration Study. NASA CR
185140, 19809.

Baumgarten, W.: Propulsion / Airframe Aerodynamic
Integration Effects for a Mach 2.4 High-Speed Civil
Transport. Limited Distribution NASA TM 106673,
1995. Date for general release: July, 1999.

General Operating and Flight Rules. FAR, Part 91,
Federal Aviation Administration, 1974. (Consoli-
dated Reprint with changes 1 through 67 as of May 1,
1986.)

Civil Supersonic Aircraft Noise Type Certification
Standards and Operating Rules; Notice of Proposed
Rulemaking. Federal Register vol. 55, no. 104, May
30, 1990.

Stone, J.: Interim Prediction Method for Jet Noise.
NASA TMX-71618, 1975.

Stone, J.; Groesbeck, D.; and Zola, C.: An Improved
Prediction Method for Noise Generated by Conven-
tional Profile Coaxial Jets. NASA TM 82712,
ATAA-81-1991, 1981.

Olson, E.: Advanced Takeoff Procedures for High-
Speed Civil Transport Community Noise Reduction.
SAE Paper No. 921939, 1992.

Clark, B.: A Computer Program to Predict Aircraft
Noise Levels. NASA TP 1913, 1981.

Gliebe, P.; Motsinger, R.; and Sieckman, A.: High
Velocity Jet Noise Source Location and Reduction,
Task 3 - Experimental Investigation of Suppression
Principles. Report No. FAA RD 76-79, III-I
(R78AEG27), 1978.

Standard Values of Atmospheric Absorption as a
Function of Temperature and Humidity. Aerospace
Recommended Practice 866, 1964, SAE.

Method for Calculating the Attenuation of Aircraft
Ground to Ground Noise Propagation during Takeoff
and Landing. Aerospace Information Report 923,
Aug. 15, 1966, SAE.

Shaw, R.; Gilkey, S.; and Hines, R.: Engine Technol-
ogy Challenges for a 21st Century High-Speed Civil
Transport. NASA TM 106216, 1993.



Appendix: Nomenclature

Symbol Description
Ay Nozzle exit area
Al Maximum propulsion pod cross-sectional area
Ac Inlet capture area
Ao Inlet streamtube area
Aoi Inlet streamtube area plus bleed area
AB Afterburning
AN? Blade root centrifugal stress parameter
AR Blade aspect ratio
BPR Bypass Ratio
CDh Convergent-Divergent (Laval) nozzle
CDFS Core-Driven Fan Stage
Cbsp Inlet spillage drag coefficient
Cog Nozzle boattail drag coefficient
CET Combustor Exit Temperature
Cm Mixer momentum coefficient
Cy Nozzle velocity coefficient
C&A Controls and Accessories
Dinax Maximum propulsion pod diameter
E Mixer effectiveness
EI Emissions Index
ESAD Equivalent Still Air Distance
Fg Gross Thrust
Fx Net Thrust
HPC High Pressure Compressor
HPT High Pressure Turbine
ISA International Standard Atmosphere
IFV Inverting Flow Valve
keas equivalent airspeed in knots
Lpare Bare engine length
L/D Lift/Drag ratio
L/H Length/height ratio
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Symbol

Description

LHV
LPC

LPT

M..

ME

MFA
MFTF
MTOGW

NPR
PAX
PR
PROC
RF
Ry/R,

SLS

%

T;

T,

Ta

Ty
TBE
TJ

TO
TOGW
TSFC
Uiip
Uip corr
Veomb
Vip
VABI

Fuel Lower Heating Value

Low Pressure Compressor

Low Pressure Turbine

Freestream Mach number
Mixer-Ejector nozzle
Mixer-Ejector nozzle Mass Flow Augmentation
Mixed Flow Turbofan

Maximum Takeoff Gross Weight
Number of blades

Nozzle Pressure Ratio

Passengers

Pressure Ratio

Potential Rate of Climb

Range Factor

Hub-to-tip ratio

Effective wing reference area

Sea Level Static

Combustor residence time
Compressor exit total temperature
Combustor exit total temperature
Turbine rotor inlet total temperature
Nozzle throat total temperature
Turbine Bypass Engine

Turbojet

Takeoff

Takeoff Gross Weight

Thrust Specific Fuel Consumption
Blade tip velocity

Corrected blade tip velocity
Combustor throughflow velocity
Hypothetically expanded primary jet velocity

Variable Area Bypass Injector
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Symbol Description
VCE Variable Cycle Engine
Weorr Corrected Airflow
Wi/ Wy Combustor liner to total flow ratio (Fraction of air not heated)
w Weight
B Nozzle boattail angle
AP/P Pressure drop
n Inlet total pressure recovery
Nad Adiabatic efficiency
Mo Burner efficiency
Ny Polytropic efficiency
A Turbine loading parameter

Material density

p Turbomachinery blade solidity
64 Disk stress
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Table 1.—Abridged HSR Cycle Design Ground rules (Thermodynamic)

Component Specification Specification Revision, 1/94
Inlet Weorr= 650 1b/s @ SLS,
Recoveries given in Figs 8-10.
Fan/LPC M, = 0.895 @ SLS
CDEFS M, =0.845 @ SLS
HPC M, =0.920 @ SLS
T3 max = 1250 °F (1710 °R) T3 max = 1200 °F (1660 °R)
Combustor My = 0.999
LHV = 18,500 BTU/Ib
AP/P =0.060
wi/w,=0.14
HPT Naa = 0.920 (Peak)
T41 max = 2900 °F (3360 °R) T41 max = 2800 °F (3260 °R)
LPT Naa = 0.925 (Peak)
Mixer E = 0.40 (Unforced mixers)
E = 0.80 (Forced mixers)
Cu=0.95
Ducts AP/P = 0.010 (duct, splitter, or VABI)
AP/P = 0.005 (turbine exit frame)
AP/P = 0.040 (IFV)
AP/P = 0.020 (VCE/Flade bypass)
AP/P = 0.020 (IFV bypass)
Augmentor Ny = 0.920
AP/P =0.020
Nozzles Ts max = 2250 °F (2710 °R) Ts max = 1700 °F (2160 °R)
Cy = 0.982 (conventional CD Nozzle)
Cy = Cy(NPR) (ME nozzles, see fig. 22)
Parasitics 200 HP high spool power extraction

1.0 1b/s customer bleed (ref.: 650 1b/s airflow)
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Table 2.—Abridged HSR Cycle Design Ground rules (Flowpath/Mechanical/Weight)

Component Specification
Inlet See figs. 11 and 12
Fan/LPC PR,,.x = 2.65 (for single stage)

PR,..x = 4.00 (for two stages)
Uip corr max = 1720 ft/s
Utip max = 1800 ft/s
Min max = 0.625

Mout max = 0.500
Ry/Ri min, entrance = 0.37
c=0.95

Ny =30 to 35

AR;, =3.5

AR =25

p =0.12 Ib/in’

CDF PRax = 2.10 (for single stage)
Ulip corr max = 1650 ft/s

Ulip max = 1865 ft/s

Mij max = 0.550

Ry/R¢ min, entrance = 0.40

6 =0.90

Ny =40 to 55

AR;,;=2.0t0 2.5

HPC PR,,.x = 1.80 (for single stage)

Ulip corr max = 1600 ft/s

My max = 0.400 (0.550 for IFV engines)
Mout max = 0.350

Ry/R¢ min, entrance = 0.400

Ry/R¢ max, exit = 0.935

6=0.85

Ny =50 to 60

AR;,=2.0
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Table 2 (Continued)

Component

Specification

HPC

ARout =14
p =0.16 Ib/in’

Combustor

Veomb = 200 ft/s

t, = 0.0075 s

Pliner = 0.20 Ib/in’
Pinner case = 0.20 1b/in’
Pouter case = 0.20 1b/in’
L/Haittuser = 5.75

HPT

Usip max = 1900 ft/s

AN’ = 45x10° in>-RPM?
Moyt max = 0.670

Ammin = 0.210

6 =0.90

AR;, = 1.6

AR, =25

G max = 200,000 psi

LPT

Ry/R exit min = 0.60

AN? ., = 50x10° in>-RPM?
Moyt max = 0.600

Ammin = 0.30

6 =0.80

AR;,=2.0103.0

ARy =3.0104.0

G max = 200,000 psi

Nozzles

See figs. 16 to 21.
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Table 2 (Concluded)

Component Specification

Miscellaneous Woacelle (ID) = 1.956 Lie (ft) Doy (f6%)
wmounts (lb) =0.003 l::N SLS (lb)
wfirewall (lb) =3.1 Lbare (ft) Dmax (ft)

5 FnsLs (D)
Dnax (f)

Wega (Ib) = 0.10 Wy, (Ib)

Woyion (Ib) = 8.407x10 (Lbare (ft) +2.184 \/Acapt ft2) j\/ Acapt (%)

Table 3.—Flight Data Performance Envelope

Altitude (ft) Mach

0 0.00, 0.20, 0.30, 0.40

689 0.00, 0.20, 0.30, 0.40

2000 0.00, 0.20, 0.30, 0.40, 0.60
10000 0.40, 0.60, 0.90

15000 0.40, 0.60, 0.90

20000 0.40, 0.60, 0.90, 1.10

30000 0.90, 1.10, 1.40, 1.60, 1.63
36089 0.90, 1.10, 1.40, 1.60, 1.63, 1.80
40000 0.90, 1.10, 1.40, 1.60, 1.63, 1.80, 2.10
50000 1.40, 1.60, 1.63, 1.80, 2.10, 2.40
55000 1.80, 2.10, 2.40

60000 1.60, 1.63, 1.80, 2.10, 2.40
65000 1.80, 2.10, 2.40

70000 1.80, 2.10, 2.40

80000 2.10, 2.40

Key:

Bold indicates throttle hook is computed
Italic indicates hot day (ISA + 18 OF) data
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Table 4—TBE3010 Boeing HSCT Noise Summary, Standard Takeoff

Downrange Lateral Maximum FAR36 Stage 3 EPNL (EPNdB) Exceedance of

Distance (ft) Distance (ft) PNLT (PNdB) Rule (EPNdB) Rule (EPNdB)
21325 0 122.0 105.2 118.9 13.7
9500 1476 115.2 102.4 112.8 10.4
10500 1476 116.5 102.4 113.6 11.2
11500 1476 118.0 102.4 114.8 12.4
12500 1476 119.7 102.4 116.2 13.8
13500 1476 120.3 102.4 116.9 14.5
14500 1476 120.7 102.4 117.6 15.2
15500 1476 121.2 102.4 118.3 15.9
16500 1476 121.5 102.4 118.8 16.4
17500 1476 121.7 102.4 119.3 16.9
18500 1476 120.8 102.4 118.6 16.2
19500 1476 116.8 102.4 116.4 14.0
20500 1476 115.3 102.4 1154 13.0

Key:

Bold indicates maximum sideline noise location

Table 5.—TBE3010 Boeing HSCT Noise Summary, Advanced Takeoff

Downrange Lateral Maximum FAR36 Stage 3 EPNL (EPNdB) Exceedance of
Distance (ft) Distance (ft) PNLT (PNdB) Rule (EPNdB) Rule (EPNdB)
21325 0 124.5 105.1 118.9 13.8
9500 1476 115.1 102.3 113.1 10.8
10500 1476 115.6 102.3 113.5 11.2
11500 1476 116.3 102.3 114.0 11.7
12500 1476 117.0 102.3 114.4 12.1
13500 1476 117.2 102.3 114.9 12.6
14500 1476 117.6 102.3 115.3 13.0
15500 1476 118.0 102.3 115.7 134
16500 1476 118.4 102.3 116.0 13.7
17500 1476 118.8 102.3 116.1 13.8
18500 1476 115.5 102.3 115.3 13.0
19500 1476 114.7 102.3 114.6 12.3
20500 1476 114.9 102.3 114.0 11.7
Key:
Bold indicates maximum sideline noise location
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Table 6.—TJ3010 Results, 1993 Propulsion Ground rules, Boeing HSCT

Adv TO, Dry | Std TO, Dry Adv TO, Std TO,
Throughout | Throughout Transonic Transonic
AB AB
Sized Airplane
MTOGW (lb) 762279 778566
Landing Weight (Ib) 402790 412424
OEW (Ib) 287519 296025
SLS Fg (ISA + 18 °F, Ib) 44500 45817
Effective Wing Area (ft”) 8078 8185
Span (ft) 138 139
Bare Engine Weight (Ib) 7022 7240
Nozzle Weight (Ib) 3580 4619
Total Pod Weight (Ib) 14711 16096
Nozzle MFA (%) 59 110
Nozzle Suppression (dB) 14.0 17.9
FAR 25 Field Length (ft) 11000 11000
Wing Loading (Ib/ft?) 94.36 95.12
Thrust Loading 2335 2354
Design Mission
Block Fuel (Ib) 361243 36